A millimeter-wave IWT was developed using a d i s p e r s i v e . high-impedance "forward wave" i n t e r a c t i o n s t r u c t u r e b a s e d o n a ladder, with non-space-harmonic interaction. for a t u b e w i t h h i g h gain per inch and high efficiency. 
The "TunneLadder" interaction 
C o l d -t e s t d a t a a r e p r e s e n t e d , r e p r e s e n t i n g t h e
w-6 and r e s u l t s were u s e d i n m a l land large-signal computer programs t
o impedance c h a r a c t e r i s t i c s o f t h e m o d i f i e d l a d d e r c i r c u i t . T h e s e p r e d i c t IWT gain and e f f i c i e n c y .
Actual data from t e s t e d t u b e s v e r i f y t h e p r e d i c t e d p e r f o r m a n c e while providing broader bandwidth than expected.
INTRODUCTION
The b a s i c o b j e c t i v e was t o d e v e l o p a low-cost, narrow-band, millimeter-wave space-communication TWT based on a NASA-recommended narrow-band fundamental (non-space-harmonic) interaction using an approp r i a t e l a d d e r -b a s e d p e r i o d i c s t r u c t u r e .
A f i r s t a n a l y s i s was based on the forward-wave "Karp s t r u c t u r e " ( 1 ) . T h e s e r e s u l t s were v e r i f i e d a n d e x t e n d e d i n a NASA-sponsored s t u d y ( 2 ) i n w h i c h a c i r c u i t d e r i v a t i v e , t h e T u n n e L a d d e r , was suggested a n d e x a m i n e d e x p e r i m e n t a l l y i n s c a l e d c o l d -t e s t v e r s i o n s .
A f o l l o w -o n f e a s i b i l i t y p r o g r a m p r o d u c e d t h e operating tube. Design parameters and predicted and a c t u a l p e r f o r m a n c e d a t a a r e g i v e n i n T a b l e 1: 2.2% S a t u r a t i o n 480 watts 400 w a t t s E f f i c i e n c y ( E l e c t r o n i c ) 24%
>I71
Operating Rating 200 watts 200 watts ( e f f e c t i v e ) This paper reviews the design and test r e s u l t s o f t h e o p e r a t i n g t u b e .
DESIGN
The d e s i g n o f t h e t u b e was based on a c i r c u i t s t r u c t u r e d e r i v e d f r o m t h e r i d g e -l o a d e d l a d d e r , r e s u l t i n g i n t h e f o l l o w i n g a d v a n t a g e s :
A s a s e l e c t i v e forward-wave non-space-harmonic c i r c u i t it is h i g h l y d i s p e r s i v e ( n a r r o w b a n d ) w i t h h i g h i n t e r a c t i o n i m p e d a n c e a n d t h e r e f o r e h i g h g a i n p e r u n i t l e n g t h a n d h i g h i n t e r a c t i o n e f f i c i e n c y .
S p e c i a l f e a t u r e s i n c l u d e d t h e f o l l o w i n g :
-A q u a s i -e l l i p t i c a l t u n n e l ( s h a p e d i n c o n s o n a n c e w i t h t h e s e p a r a t i o n o f h e a t removal paths) to accommodate a p e n c i l beam capable of being focused by a radially magnetized permanent magnet.
-Diamond s u p p o r t s and chemically milled, shaped ladders.
-Separated heat sinks and removal paths for beam i n t e r c e p t i o n ( v i a t h e diamond cubes) and f o r rf h e a t i n g ( v i a t h e r u n g s ) .
The e l e c t r i c a l c i r c u i t d e s i g n made use of 1OX s c a l e m o d e l s , o n e of which i s shown i n F i g u r e 1. . This assembly is then brazed t o a n i d e n t i c a l h a l f t o p r o d u c e t h e f i n a l TunneLadder structure. To two of these are added w a v e g u i d e t r a n s i t i o n s and vacuum windows, completing t h e i n p u t and o u t p u t TWT s e c t i o n s which a r e a s s e m b l e d i n t o t h e t u b e b o d y w i t h . t h e gun and t h e c o l l e c t o r , c o m p l e t i n g t h e t u b e ( F i g u r e 7). 
M e a s u r e d p r o p a g a t i o n c h a r a c t e r i s t i c s o f a r e p r e s e n t a t i v e T u n n e L a d d e r c i r c u i t a r e shown i n F i g u r e 2 , i n d i c a t i n g t h e h i g h d i s p e r s i o n ' i n t h e
Amzirc, a zirconium-doped copper enabling active d i f f u s i o n b r a z i n g . The f o i l t h i c k n e s s i s 0.0635 mm (2.5 mils), with the rungs 0.152 mm ( 6 mils) wide a t a p i t
EXPERIMENTAL RESULTS

T e s t r e s u l t s f o r t h e f i r s t t u b e ( F i g u r e
7 ) a r e given belov. The two-section IVT h a s i t s i n p u t s e c t i o n c o n t r i b u t i n g a n a c t i v e l e n g t h of o n l y 8.89 mn ( 0 . 3 5 i n c h ) and i t s o u t p u t s e c t i o n 13.34 mm (0.525 inch). Each of t h e s e s e c t i o n s was coupled t o e i t h e r a n " i n p u t " or "outputtv waveguide a t one end and a " s e v e r " waveguide a t t h e o t h e r , These sever waveguide ports enabled the measurement of each s e c t i o n ' s i n s e r t i o n l o s s and t h e rf power b e i n g d e l i v e r e d t o t h e two s e v e r l o a d s . VSWR d a t a for t h e "double ended" output-section match are shown i n F i g u r e 9.
FIGURE 8. PERMANENT MAGNET INCLUDING OUTER POLE PIECES
p e r i m e n t a l l y i n f l i c t e d on t h i s i n i t i a l s e c t i o n . 
INPUT SECTION
The measured beam transmission (Figure 11 ) was l a t e r improved t o 98% by some s h u n t i n g of t h e m a g n e t i c f i e l d a r o u n d t h e g u n .
These d a t a show some low-power i n s t a b i l i t i e s i n t h e o u t p u t c i r c u i t which d i d n o t a f f e c t t u b e p e r f o r m a n c e a 24%. The measured gain of 31 dB r e p r e s e n t s a g a i n per unit length of 52 dB/in which is c o n s i d e r a b l y higher than that achieved with space-harmonic i n t e r a c t i o n . F i g u r e 1 3 s h o w s t h e e f f e c t of v o l t a g e t u n i n g o n o u t p u t v s f r e q u e n c y .
A t r a n s f e r c u r v e ( o u t p u t power v s i n p u t d r i v e ) is shown i n F i g u r e 1 4 , i n d i c a t i n g l i n e a r a m p l i f i c a t i o n a t 2 0 0 W r a t e d power l e v e l . F i n a l l y , d a t a o n beam i n t e r c e p t i o n v s d r i v e power are shown i n F i g u r e 1 5 w i t h a n d w i t h o u t c o l l e c t o r d e p r e s s i o n , i n d i c a t i n g t h a t t h e d e v i c e c a n o p e r a t e a t a n o v e r a l l e f f i c i e n c y o f 3 0 5 , o r h i g h e r , depending on t h e m i n i m i z a t i o n o f beam i n t e r c e p t i o n u n d e r d r i v e . 
